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ABSTRACT
Of the 21 known gaseous debris discs around white dwarfs, a large fraction of them display observational features that are well
described by an eccentric distribution of gas. In the absence of embedded objects or additional forces, these discs should not
remain eccentric for long timescales, and should instead circularise due to viscous spreading. The metal pollution and infrared
excess we observe from these stars is consistent with the presence of tidally disrupted sub-stellar bodies. We demonstrate, using
smoothed particle hydrodynamics, that a sublimating or partially disrupting planet on an eccentric orbit around a white dwarf
will form andmaintain a gas disc with an eccentricity within 0.1 of, and lower than, that of the orbiting body.We also demonstrate
that the eccentric gas disc observed around the white dwarf SDSS J1228+1040 can be explained by the same hypothesis.
Key words: white dwarfs – planet-disc interactions – hydrodynamics – planets and satellites: dynamical evolution and stability
– stars: individual: SDSS J122859.93+104032.9
1 INTRODUCTION
Heavy metal pollution is observed in 25-50 percent of white dwarfs
(Zuckerman et al. 2003; Zuckerman et al. 2010; Koester et al. 2014).
The diffusion timescale of these elements from the atmosphere of
these stars is short in comparison to their age (Fontaine & Michaud
1979) somaterial must be fed to these stars to produce the lines. Rem-
nant planetary systems are the likely origin (e.g. Debes & Sigurdsson
2002; Bonsor et al. 2011; Frewen & Hansen 2014; Smallwood et al.
2018). Bodies from these systems tidally disrupt and form dusty
debris discs (Veras et al. 2014; Malamud & Perets 2020).
In around 21 of the white dwarfs which are host to dusty debris
discs we have also observed a gaseous component to the disc (Gän-
sicke et al. 2006, 2007, 2008; Gänsicke 2011; Farihi et al. 2012;
Melis et al. 2012; Wilson et al. 2014; Dennihy et al. 2020; Gentile
Fusillo et al. 2020; Melis et al. 2020). The presence of these discs is
inferred through the detection of the double-peaked Ca II emission
triplet (∼ 8600 Å) in the spectrum of the system (Horne & Marsh
1986). We have observed continuous changes in shape of the emis-
sion features, over timescales of years, in at least six of these systems
(Wilson et al. 2015; Manser et al. 2016a,b; Dennihy et al. 2018,
2020), and of the absorption features in at least one other system
(Cauley et al. 2018), suggesting a stable eccentric disc structure.
Of particular note is the gas disc orbiting the white dwarf SDSS
J122859.93+104032.9 (from here SDSS J1228+1040). Gänsicke
et al. (2006) fit the evolution of the line profiles to a disc with an
eccentricity of 0.021. Optical spectroscopy reported by Manser et al.
(2016a) revealed a continuous variation in the double-peaked Ca II
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emission lines from redshift to blueshift over a period of 12 years.
The authors speculated that the slow shifting of the spectral lines was
due to material precessing around the white dwarf, with a timescale
consistent with apsidal advance around the white dwarf due to Gen-
eral Relativity. By fitting a precession period of approximately 27
years, they produced a tomogram map (Marsh & Horne 1988) show-
ing the structure of the gas disc in velocity space (reproduced in our
Figure 3). Cauley et al. (2018) and Dennihy et al. (2018) similarly
used general relativistic precession of an eccentric gas disc to explain
the variations in spectral lines from a number of other white dwarfs,
a process described analytically by Miranda & Rafikov (2018).
Even more intriguing, subsequent detection of short-timescale pe-
riodic rocking, over a period of approximately 2 hrs, in the spectral
lines of SDSS J1228+1040 by Manser et al. (2019) (hereafter M19)
hinted at a non-disintegrating orbiting planetesimal. Other planetes-
imals detected orbiting close to white dwarfs are thought to be dis-
rupting (Vanderburg et al. 2015; Vanderbosch et al. 2020; Guidry
et al. 2020), suggesting that this body must have increased internal
strength or higher density to prevent complete disruption.
Several studies examined the formation of dust discs from the
tidal disruption of solid bodies around white dwarfs (Veras et al.
2014, 2015a; Kenyon &Bromley 2017a,b; Malamud& Perets 2020).
Rafikov (2011) and Metzger et al. (2012) studied gas disc formation
through dust sublimation, while Kenyon & Bromley (2017a,b) as-
sumed a collisional cascade. But none of these studies explain the
observed eccentricity in the discs. A key problem is that gas would
be expected to circularise due to viscous spreading (Lynden-Bell &
Pringle 1974) rather than remain eccentric (although the circularisa-
tion timescale may be long, see Nixon et al. 2020).
Between 4% and 30% percent of white dwarfs with dust discs
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Figure 1. Column density of material in simulated gas discs formed by bodies with orbital 𝑒 = 0.1, 0.3, 0.5, and 0.7. The discs are shown at a single point in
time after 100 orbits, showing the disc eccentricity is sustained over at least this length of time. The white dot at the origin in each image shows the position of
the white dwarf relative to the disc.
show the presence of circumstellar gas (Dennihy et al. 2020; Gentile
Fusillo et al. 2020; Manser et al. 2020; Melis et al. 2020).
In this Letter, we hypothesise a sublimating or partially disrupted
body as the source of the eccentric gas disc, motivated by the obser-
vations of SDSS J1228+1040 described above (Manser et al. 2016a,
2019; Manser et al. 2020). We show that such a body could drive
disc eccentricity, while continuously supplying the disc with mate-
rial. We test this hypothesis by simulating the emission of gas from a
point mass on an eccentric orbit around the white dwarf to show the
formation and stability of an eccentric gas disc.
2 METHODS
We modelled the formation and evolution of a gas disc around a
white dwarf using the smoothed particle hydrodynamics (SPH; e.g.
Lucy 1977; Gingold & Monaghan 1977) code phantom (Price et al.
2018). We adopted the modified Newtonian potential from Tejeda &
Rosswog (2013), implemented in phantom by Bonnerot et al. (2016)
to model the general relativistic potential around a white dwarf. We
set a point mass (sink particle) on an eccentric orbit in this potential.
For our initial set of calculations, we set the initial semi-major axis,
𝑎0 = 0.73R , corresponding to the 123.4 minute periodic signal
from M19, and eccentricities 𝑒 = 0.1, 0.3, 0.5 and 0.7, respectively.
We set the mass of the orbiting body to 0.1 Ceres masses, the
maximum mass of the disintegrating body orbiting the white dwarf
WD 1145+017 as determined by Gurri et al. (2017). We set the
injection radius, 𝑅inj = 2338.3 km (relative to the centre of the
orbiting body), which is 0.01 times the periastron radius of a body
orbiting with 𝑒 = 0.54, the inferred eccentricity of the planetesimal
discovered by M19, and semi-major axis 𝑎0.
We assumed a white dwarf of 0.705M , as determined for SDSS
J1228+1040 by Koester et al. (2014). For computational efficiency,
we set an accretion radius for the white dwarf of 0.2R , interior to
which particles were deleted from the simulation.
We set the mass injection rate of gas ¤𝑀 = 5× 108 g s−1, assuming
that the generation of gas occurs at the same rate as the accretion rate
of metal pollutionmeasured for SDSS J1228+1040 byGänsicke et al.
(2012). As the light flux received by the orbiting body increases, the
amount of gas released through volatiles should also increase. Given
that the light flux is proportional to 1
𝑟2
, where 𝑟 is the distance
between the orbiting body and the white dwarf, we set the mass
injection rate of gas from the orbiting body to be given by





We employed a gas particle injection rate of ∼ 105 particles per
orbit, with the injected mass divided evenly between the particles,
giving 107 particles in the simulation at the time shown in Figure 1.
That is, we injected SPH particles in a uniform random distribution
from 𝑅inj with a mass per particle set to 3.71× 1012 g. Gravitational
forces between gas particles were neglected.
We assumed an isothermal equation of state with 𝑇 = 5000K,
as determined by Melis et al. (2010) and Hartmann et al. (2016).
Assuming a mean molecular weight of ` = 0.6, this results in a
sound speed 𝑐s = 8.3 km/s and hence a disc with an aspect ratio
𝐻/𝑅 ≡ 𝑐s/(Ω0𝑎0) = 0.02, i.e. a thin disc. We model a disc viscosity
by the standard procedure of using the SPH shock viscosity to mimic
the Shakura & Sunyaev (1973) prescription, adopting 𝛼av = 1 cor-
responding to 𝛼ss ≈ 0.1𝛼av〈ℎ〉/𝐻 ≈ 0.05 following the prescription
in Lodato & Price (2010).
2.1 Synthetic Observations and Fitting Orbits
We computed 2D histograms, binning the SPH particles by veloci-
ties 𝑣𝑥 and 𝑣𝑦 , to produce synthetic tomograms. These were time-
averaged from ten snapshots spaced evenly in time over a single orbit,
and convolved with a Gaussian beam of width 9.06 km s−1 in order
to match the resolution of the observational data.
In the above we effectively assume that the gas disc around the
white dwarf is optically thin. Spectral lines for most white dwarf
gaseous debris discs are optically thick (Gänsicke et al. 2006), but
this should not alter the effects of time-averaging. The assumption of
optical thinness simplifies the equation of radiative transfer,





so that the optical depth 𝜏a , and therefore the column density of
disc material, is proportional to the intensity of the spectral lines 𝐼a .
In this equation, a is the frequency of the light travelling through
the disc, 𝑠 is the distance travelled by light through the disc from a
reference point 𝑠0, and 𝑗a is the emissivity.
We fitted a test particle orbit to the gas disc in each simulation.
These orbits were characterised by a semi-major axis 𝑎, eccentricity
𝑒, and an additional phase to account for rotation in the 𝑥, 𝑦 plane.
We transformed the velocity distribution of gas particles in each
disc into polar coordinates and fit the data in each angular bin to
a Gaussian to find the velocity |v|dat,n with the highest density of
particles for that bin. We used the standard deviation 𝜎dat,n of the
Gaussian fit as the uncertainty for this value.
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Figure 2. Synthetic tomograms corresponding to simulations shown in Figure 1. We show a time average over the 100th orbit of the point mass. The circular
white lines on each plot indicate circular Keplerian orbits with semi-major axes of 0.2 R , 0.64 R , 1.2 R and 2.0 R (taken from the outermost circle and
moving inwards), assuming a 90◦ inclination. Regions of highest density are shown in yellow, while low density regions are light blue.
The closest fitting orbit was determined byminimising the negative
of a logarithmic likelihood function, given by










where |v|n are the velocity magnitudes produced for a given set
of orbital parameters. Uncertainties on the best fitting parameters
were found using the Markov chain Monte Carlo (MCMC) Python
algorithm emcee (Foreman-Mackey et al. 2013).
3 RESULTS
Figure 1 shows column density in our simulated gas discs generated
from a body orbiting with 𝑒 = 0.1, 0.3, 0.5, and 0.7 at 100 orbits (of
the point mass) after the start of the simulations. Figure 2 shows the
corresponding tomograms, time averaged over the 100th orbit.
Our orbital fits applied to the gas discs show that they have ec-
centricities of 0.097 ± 0.003, 0.288 ± 0.003, 0.468 ± 0.005, and
0.626±0.0020.003 respectively. These eccentricities are all below that of
the orbiting body, suggesting some degree of circularisation, but
they are all within 0.08 of the orbiting body. This confirms our basic
hypothesis that a sublimating or partially disrupting body can cre-
ate and maintain an eccentric gas disc over a timescale that is long
compared with the orbital period. In all four of these simulations
gas passes inwards through our simulated accretion radius, provid-
ing a source for potential white dwarf pollutants. Ideally one would
continue these simulations over the full precession period, but this
proved prohibitive in terms of computational cost.
Our results suggest that a large undisrupted body can produce gas
discs with the particular structure that we observe. Since the gas is
created by the orbiting body, there is an overdensity (see Figure 1)
that moves with the orbital phase of the planet. However, this gas
also spends more time further away from the white dwarf, following
Kepler’s 2nd law. We see this in the time averaged tomograms shown
in Figure 2, where there is an increased concentration of gas at
apastron spanning ∼ 135 degrees across all eccentricities.
3.1 Comparison with SDSS J1228+1040
Figure 3 compares the observational tomogram of the gas disc around
SDSS J1228+1040 to our simulated gas disc.We fit an eccentric orbit
to the observational data, finding an eccentricity and semi-major
axis of 0.188 ± 0.004 and 0.879 ± 0.005R , respectively. We then
simulated a gas disc created from a point mass orbiting with the
same semi-major axis and eccentricity. The other parameters of the
simulation were identical to the previous simulations. Applying the
fitting procedure to our simulated gas disc, we found an eccentricity
of 0.143 ± 0.010, and a semi-major axis of 0.996 ± 0.014R .
Figure 4 shows the same two tomograms plotted in polar coordi-
nates. The concentration of gas at apastron shown in Figure 2 is also
evident in both tomograms in Figures 3 and 4. The main discrep-
ancy between our results and the observations is the larger spread of
velocities near pericentre in the observations (see discussion).
For our orbital fits we assumed a 73◦ inclination between the disc
and the line of sight (Manser et al. 2016a). Fixing either the semi-
major axis or the eccentricity to the values inferred from Manser
et al. (2016a) produced fits with reduced 𝜒2a = 9.97 and 𝜒2a = 22.07
respectively, whereas allowing them to vary gave 𝜒2a = 6.67.
3.2 Resolution study
Figure 5 shows the column density in three simulations carried out
at different numerical resolutions — changing the mass and hence
the number of injected particles by a factor of 10, corresponding to
a factor of 2.15 change in smoothing length. The gas disc is more
circular at low resolution since the viscosity is higher.
4 DISCUSSION
Our results suggest that the presence of eccentric gas discs around at
least six white dwarf stars (Wilson et al. 2015; Manser et al. 2016a,b;
Dennihy et al. 2018, 2020) may be explained by the presence of a
body, such as a planet, planetesimal or asteroid, on an eccentric orbit
within the disc. Bodies which enter within the tidal radius of the
white dwarf (typically ∼ 0.005 au) must come in on highly eccentric
orbits, given that the AGB phase of the star consumes planets at
up to ∼ 1.5 au (Mustill & Villaver 2012). The formation of radially
coincident eccentric gas and dust discs (Melis et al. 2010), is therefore
currently best explained by the presence of a partially disrupted body.
The unique detection of a non-disintegrating planetesimal orbiting
SDSS J1228+1040 by M19, further suggests that we are looking at
discs created from partially disrupted bodies. M19 note that, for this
MNRAS 000, 1–5 (2021)
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Figure 3. Comparison of tomograms from SDSS J1228+1040 (left), reproduced using data presented in Figure 5 of Manser et al. (2016a) and a simulated gas
disc (right). We found a best fit orbit with a semi major axis of 0.920± 0.005R and an eccentricity of 0.188± 0.004 from the data for SDSS J1228+1040, used
to set the initial orbit of the point mass in the simulated disc. White circles indicate circular Keplerian orbits corresponding to radii of 0.2R , 0.64R , 1.2R ,
and 2.0R (outer to inner circles, respectively), inclined by 73 degrees to the observer. High density regions are yellow, while low density regions are light blue.
Figure 4. Polar plot of Figure 3. The spread in velocity magnitudes at peri-
centre in the observational data is ∼ 500 kms−1, whereas in the synthetic data
it is under 100 kms−1. In both plots, we see a concentration of material at
apocentre with a spread of ∼ 135 degrees.
planetesimal to survive to avoid tidal disruption, it would require a
density of at least 39 g cm−3 without accounting for internal strength,
and 7.7 g cm−3 while accounting for internal strength. Since iron has
a density of 8 g cm−3 this suggests a composition similar to the core
of a terrestrial or gas giant planet, thus being the remnant of its partial
disruption (Li et al. 2010; Ehrenreich et al. 2015).
We find that some circularisation occurs for all of the simulated
gas discs, exhibited by their decreased eccentricity compared to that
of the orbiting body. The short timescale of our simulations does
not allow us to explore the long term results of this circularisation.
Over longer timescales (years) these discs may reach an equilibrium
eccentricity lower than that of the orbital body, where the circulari-
sation of the disc is mediated by the gravitational pull of the orbiting
body. The discrepancy between the semi-major axis and eccentricity
of the planetesimal detected by M19, and the semi-major axis and
eccentricity fitted by our model to the gas disc around the same white
dwarf, may be the result of this difference in timescales.
The observational data from Manser et al. (2016a) also exhibits a
500 km s−1 spread in velocity at periastron, which is not replicated
in any of the simulated discs. Given that the data used by Manser
et al. (2016a) was taken over 12 years, this velocity spread is a feature
exhibited on the precession timescale of the disc. Our simulations
only explore the evolution of the disc over 100 orbits, so effects
present only on the precession timescale, such as velocity spreading
at periastron, will not be visible in the simulated discs.
In our simulations, we assume gas is produced directly by the orbit-
ing body. How gas is produced in these discs remains an open ques-
tion, although several answers have been proposed. Rafikov (2011)
and Metzger et al. (2012) proposed sublimation of solid debris once
it passes within the sublimation radius of the white dwarf. The pres-
ence of a planetesimal may increase the sublimation rate of material
as dust is perturbed outside of the disc. We assumed ¤𝑀 ∝ 𝑟−2, con-
sistent with sublimation of volatiles being determined by the light
flux from the white dwarf. However, we also assumed gas is emitted
isotropically, which is not generally true (Veras et al. 2015b).We also
assumed a gas generation rate equal to the accretion rate of metals
measured for SDSS J1228+1040, but the gas injection rate given in
Equation 1 is an underestimate of the sublimation rate determined by
M19. Kenyon & Bromley (2017a) and Kenyon & Bromley (2017b)
proposed that gas is generated through vaporisation of solid debris
in collisional cascades. A large solid body, such as a planetesimal,
may result in more concentrated vaporisation. A third possibility is
MNRAS 000, 1–5 (2021)
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Figure 5. Column densities of discs created from an orbiting body of eccen-
tricity 𝑒 = 0.5 at different particle resolutions (where Δ𝑁orb is the number of
particles injected per orbit). All discs are shown after 100 orbits.
the collision of tidally disrupted fragments with preexisting gas or
dust (Farihi et al. 2018; Swan et al. 2020; Malamud et al. 2021). The
release rate of gas in these scenarios is uncertain — see Sections 5.3
and 5.4.1 of Malamud et al. 2021 for discussion.
If a non-disrupted planetesimal is necessary for creation of a gas
disc around a white dwarf, it may explain the rarity of gas discs
among polluted white dwarfs. Gas disc circularisation (Lynden-Bell
& Pringle 1974; Rafikov 2011) is needed for transportation and ac-
cretion of metal pollution onto white dwarfs, since the transport of
solid material is inefficient (Nixon et al. 2020). It is therefore striking
that between 4 and 30% of white dwarfs which host debris discs
also show emission from gas (Dennihy et al. 2020; Gentile Fusillo
et al. 2020; Manser et al. 2020; Melis et al. 2020). While there are
21 observed discs with gaseous components orbiting white dwarfs,
the number of inferred planetesimals — either disintegrating or non-
disintegrating — is lower (Vanderburg et al. 2015; Manser et al.
2019; Vanderbosch et al. 2020; Guidry et al. 2020). We predict stars
that host gaseous debris discs should also host planetesimals. Short-
term variability studies of the known gaseous discs in emission may
thus lead to new detections of such planetesimals.
5 CONCLUSIONS
We have demonstrated in this letter that a sublimating or partially
disrupting body on an eccentric orbit around a white dwarf forms an
eccentric gas disc, that remains eccentric for at least 100 orbits. The
disc eccentricity remains within 0.1 of that of the orbiting body.
We found that the eccentricity of the gas disc around the white
dwarf SDSS J1228+1040 is 0.188 ± 0.004, by fitting an orbit to a
tomogram of the disc. Simulations performed with these parameters
reproduce the observed azimuthal asymmetry and eccentricity.
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